Abstract----Detailed spectroscopic and scattering investigations of isopoly-molybdate and -tungstate solutions as a function of concentration and pH were made. From scattering results the apparent molecular weights were determined as a function of time and concentration.
The isopoly-molybdates and -tungstates constitute a large class of inorganic compounds and have been the subjects of two reviews'" and numerous investigations.-These compounds consist of a simple cation and a condensed molybdate or tungstate anion. Solutions of these compounds are the starting point for molybdate and tungstate-based supported catalysts for hydrodesulfurization and hydrodenitration.
Supported molybdates and tungstates are also good candidates to become sulfur tolerant methanation and water gas shift reaction catalysts. As a part of our efforts to develop high activity, high dispersion catalysts, we investigated the formation of isopoly species in solution as a function of concentration and PH.
The following is a brief review of the conditions for the existence of the various isopoly species studied in this work.
*Author to whom correspondence should be addressed.
(a) Isopolymolybdates in solution
Whilst there has been confusion and contradictory findings9 regarding the existence of polynuclear species such as Mo~O,~~-, at present the following species appear to be generally accepted (1): MoO,Z-ion is the stable species above pH 6.5; for 4.5 < pH < 6.5, the paramolybdate (Mo,O&~-exists in equilibrium with MoO,~-. 7@400,)'-+ 8H +~(Mo~O&~ -+ 4H20. (1) Further acidification leads to the formation of the octamolybdate anion (Mo,O,)~-between pH 2.9 and 1.5. Formation of larger aggregates at lower pH values was initially postulated by Jahr" but not proven. From an analysis of Raman spectra, Tytko and Schonfeld15 showed that the anion Mo,O,,~~-is also present in solution below a pH of 2.0. At pH 0.9, molybdic acid (MOO, -H20) precipitates from solution and redissolves with further increases in the hydrogen ion concentration. Below pH 0.9, positively-charged species such as MOO, + and Mo04+ HMO 0 4+ have been reported." In concentra&l HCl*s~lutions, the presence of Mo02C12 species was also deduced from the Raman spectra.'
(b) Isopolytungstates in solution.
In the highly alkaline region (PH > 8), the tungstate ion exists as the normal tungstate species W04*-. Upon acidification to a pH of 5-6, the paratungstate-A ion [HW,O,,] '-is formed by the reaction (1):
6WO,2-+ 7H+ -I)Iw602$-+ 3H,O. (2) The paratungstate-A ion is in slow equilibrium with the paratungstateB ion [w, 20, , (OH) ,,]'o-.
2[w,O,(OH)]' -+ 4H,O ~[w1203a(OH)
,ol lo-.
At high concentrations, the B ion is predominant. 
When the concentration of WO,*-is less than 5 x 10e5 M, no isopoly anions are formed; instead, the insoluble tungstic acid H2WO4 is formed by direct protonation.13
EXPERIMENTAL (a) Materials
All the solutions were prepared from certified ACS grade (Fisher) Ammonium molybdate, sodium tungstate and doubly-distilled deionized water.
(b) Methods
(1) Light scattering. Light scattering measurements were made with a laser light scattering spectrometer consisting of a 2 W argon-ion laser, a 64 channel multibit Malvem correlator, an HP 53OOB counter, and an HP 9835 computer. All the optics were mounted on a vibration isolation table to eliminate the effect of building vibrations. Intensity measurements were made by photon counting at 90" scattering angle. By using pure benzene as a reference, molecular weights were computed from the intensity measurements. Diffusion coefficients were obtained from the autocorrelation function of the scattered light using:r4
where g is the field autocorrelation function, D is the diffusion coefficient, K is the scattering vector ( = 4 m/l sin 8/2) at an angle 8 with an incident light wavelength of L, and r is the delay time.
(2) Raman spectroscopy. Raman spectra were obtained with a SPEX Triplemate spectrograph coupled to a Tracer Northern 1024 large area intensified diode array detector. The 514.5 line of a 4W Argon ion laser was used as the excitation source. Typical power at the sample was on the order of 100 mW. 5 mm dia. NMR tubes were used as sample cells. Since the detector simultaneously measured a 1300 cm -' region, all the spectra were obtained without moving any of the gratings. Spectra were taken either with 2 or 4 cm-' resolution. Typically, each spectrum consisted of 512 co-added scans taking the total time of ten minutes. Since the spectrum is totally digital and no gratings.were moved, spectral subtraction could be used very reliably to eliminate the background without increasing the noise.-
RESULTS

(a) Light and X-ray scattering
The results of the scattering experiments are shown in Table 1 . We emphasize that all the molecular weights and the hydrodynamic radii calculated from the diffusion coefficient using the Stokes-Einstein relationship are apparent values:
D is the diffusion coefficient, k is the Boltzmann constant, T is the absolute temperature, q is the viscosity of the solvent, and r is the hydrodynamic radius. This is due to the fact that these values were determined using solutions of finite concentrations, and the scattering theory is rigorous only at the limit of infinite dilution. Since the degree of association is concentration dependent, the standard technique of making a Zimm plot to eliminate the concentration dependence is not possible. The apparent molecular weights of polymeric molybdates are 1260 at pH 2.6, 660 at pH 5.5 and 260 at pH 9.0 for a 0. of the transition from paratungstate-A to We also followed the change in the apparent paratungstate-B to !P-metatungstate, we first premolecular weight of polymeric species as a function pared a 0.07 M sodium tungstate solution, of pH. The results are shown in Fig. 1 for 0.1 M acidified it to a pH of 5.0 and then heated it to solution. Starting from a pH of 2.4, the pH of the 80°C. The changes in the molecular weight were solution in a light scattering cell was slowly lowfollowed by measuring the intensity of the scatered by dropwise addition of 2 M or 10 M HCl.
tered light as a function of time. Figure 2 shows the The apparent molecular weight as computed from results of our measurements. The starting point on the intensity of the scattered light started at the time axis corresponds to 1 hr after the prepara-MW = 350, pH = 2.4 and increased to a maximum tion of the sample because of the time consumed of 5200 at a pH of 1.1; it then decreased to a local by the centrifugation of the sample to remove dust. minimum of MW = 800 around the isoelectric At the start, there is already a small amount of point (pH = 0.9). The apparent MW continued paratungstate-B as evidenced by the molecular increasing with further lowering of the pH reaching weight of MW = 1800. In a period of 6 hr, the MW = 2500 at pH = 0.80. We should note that all measured molecular weight more than doubles and the changes were very rapid; even the dramatic reaches a value of MW = 4500. increase in MW observed when going from a pH Also shown in Table 1 are the radii of gyration of 2.5-1.10 occurred over a period of three values determined from the angular dependence of minutes. The molecular weight of the pH 2.5 the scattered X-ray intensity. Since these values are species is lower than the corresponding value obat the lower end of the measurable values by tamed with a 0.2 M solution by a factor of about SAXS, their accuracy is low (+ 0.5A); however, three, indicating sign&ant concentration de-they parallel changes in the molecular weight meapendence.
surements. The hydrodynamic radii of the isopoly For the tungstate solutions, we find that species are larger for the tungstates than the mo-MW = 220 f 50, 660 f 100, 2760 f 100 at pH iybdates, in agreement with the molecular weight 9.2, 5.5 and 2.4 respectively. MW = 220 f 50 is in measurements. very good agreement with the formula weight of It is interesting to note that if we use our the simple tungstate anion WO,*-, MW = 247.8. values of the molecular weight and the MW = 660 at pH 5.5 indicates an equilibrium diffusion coefficient to test Riecke's Law between the simple anion and the polymeric spe-'D,/% = constant, we find that the law seems to be ties. MW = 2760 + 100 at pH of 2.4 is in very 'holding: [PH5.4] (1) Raman spectra of the isomolybdates in solution. Raman spectra of isopolymolybdates were obtained as a function of pH and concentration. Figure 3 shows the pH dependence for 5% by weight of ammonium paramolybdate solution in the wavenumber range of 750 to 1000 cm -'. We see that at pH 9 there are only two peaks: a sharp peak at 896 cm-' and a broader peak at 854 cm-'. These are due to the Mo=O stretch. Upon acidification to a pH of 6.6, both of the peaks decrease in intensity but a new strong peak at 939cm-' appears. This new peak is due to the formation of the heptamolybdate species in solution, which as seen from the Raman spectra exists in equilibrium with the (MoO$-anion. The fact that there is a sudden shift is proof that there are no appreciable intermediates between the simple and the heptamolybdate anions. At pH 5.4, the heptamolybdate series is the primary species but there is still a significant concentration of (MoOJz-anion present. Further acidification to pH 2.2 leads to the appearance of two new peaks (one at 973cm-' and one at 844cm-'), and the shifting of the two major Mo=O stretch peaks to 958 and 913 cm -I. This is the tirst investigation in which the 973 and 844cm-' bands have been observed. At this pH and concentration (0.2 M) we expect the dominant isopoly species to be the octamolybdate anion (MoB0,J4-. It is possible that the new peaks are due to the formation of the more highly aggregated species such as the Mo~~O~~:-anion. The time between the preparation of the sample and obtaining the Raman spectrum was less than half an hour, thus there should not be significant amounts of slow-forming aggregates. At pH 0.95, just above the isoelectric point of molybdie acid, there are still four peaks: the two major peaks at 954 and 911 cm -' and the peaks at 835 and 982 cm-'. The final set of spectra at pH = 0.3 was taken with a lower concentration (0.1 M) in order to prevent any precipitate formation. The spectrum of the pH 0.3 sample is significantly different than the others. At pH 0.3, the high frequency band at 982cm-' completely disappears. Instead, the 953 cm-' band is sharp and strong and a second peak at 933 cm -I is observed. There is also a weak and broad third peak at 827 cm-'. All the wavenumbers given above were obtained after curve fitting the M=O stretch region with a sum of Gaussian bands.
The Raman spectra for pH's of 6.6, 2.2 and 0.95 show two weak and broad peaks between 400 and 600 cm-'. At pH 0.3, there is only single asymmetric peak at 450 cm-'. Figure 4 shows the Raman bands in the frequency range of 150-500 cm-'. A single strong peak at 318 cm-' is observed for pH 9 solutions. At pH 6.6, two strong peaks at 318 and 208 cm -' are observed; the stronger of the two is the 318 cm-'. As the pH is lowered to 2.2, the intensity of the 3 18 cm -I band decreases and its position shifts to 363 cm-'. The intensity and position of the 208 cm-' band stays constant but the frequency is shifted to 200 cm -I. Further acidification to pH 0.95 shifts the 208-225~~1~' and the peak structure indicates a possible splitting. At pH 0.3, the 363 and 210 cm-' peaks are still present and a third weak band at 3OOcm-' appears.
We also obtained the Raman spectra as a function of concentration at a pH of 5 for 0.2,0.04 and 0.008 molar molybdate solutions. The only significant change was the appearance of the 844 cm -' band at the lower concentrations. The relative ratio of the 896 cm-' to the 939 -' bands also increased by about 10-15x with decreasing concentration.
(2) Raman spectra of the isopolytungstates in solution. Raman spectra of the tungstate solutions were obtained as a function of time, pH and concentration in order to elucidate the complex equilibrium processes present in isopolytungstate solutions. We followed the changes occurring in the solution by taking the spectra at t = 0, t = 1 day and t = 6 days. Figure 5 shows the Raman spectra of a 0.1 M solution (pH 7.3) taken at t = 0 and t = 6 days. We see that there is a significant difference between the two spectra. After equilibration, the ratio of the 960-931 cm-' peak has decreased. This decrease is accompanied by a slight broadening and upshift of the 931 cm -' peak. The spectrum obtained after 1 day of aging is essentially the same. Time dependent changes were observed for the other solutions with different pH's. All the other Raman spectra shown in Fig.  6 were obtained after the samples had aged for 6 days. At pH 9, there is a sharp peak at 930cm-' (W=O stretch) and a broad peak at 834cm-' (W-SW asymmetric stretch) characteristic of the monomeric WO,Z-anion. As the pH is lowered to 7.3, aggregation starts and two more peaks appear at 960 and 927 cm-'. These are due to the polymeric tungstate species in solution (most likely the paratungstate-B anion). In order to make more quantitative measurements we assumed that the scattering cross sections of all the Raman peaks in the W=O stretch region remained the same (according to our measurements this assumption holds to within 10%) and performed Gaussian deconvolution of the complex peaks. Judging from the results of Gaussian curve deconvolution, at pH 7.3, 16% of the tungstate is in polymeric form. We should note that around this pH the relative ratios of the monomeric and polymeric species are very pH sensitive. As the pH is decreased to 4.9, the intensity of the 960 cm -' band increases at the expense of the 93Ocm-' band and curve deconvolution tells us that 80% of the tungstate is in the polymeric form. The fact that the frequency of the W=G band at 960 cm -' has not shifted to higher frequencies indicates that the polymeric species present at pH 4.9 are identical to those of pH 7.3 (paratungstate-B). The W-G-W asymmetric stretching frequency for the polymeric species is shifted to directly under the W=O stretching peak of the monomeric species at 930 cm-'. Further decrease of the pH to 3 results in a small shift of 5 cm-' to 965 cm-' for the W=O vibration; the other peaks are at 933 and 894 cm-', respectively. The width of the W=O stretching peak increases with decreasing pH from 8 cm-' at pH 9 to 13 cm-' at pH 3.0. Further acidification of the solution results in the precipitation of tungstic acid at a pH of 2.0. By decreasing the solution concentration we were able to get Raman spectra of solutions with pH's as low as 1.7. At a pH of 2.2, strong peaks at 990 cm-', 975 cm-', 890 cm-' and 838 cm-' were observed. Figure 7 shows the tungstate solution spectra at pH = 6.6 for 0.24,0.06 and 0.015 M solutions. For all three concentrations, there are three peaks: 960, 930 and 895 cm-'. However, the relative intensities change drastically. The relative ratio of the 930 cm -' peak (due to the simple anion (WO,Z-) to 960 cm -' (due to the polymeric species A, B and Y polytungstates) decreases with increasing concentration, and changes by almost a factor of twenty. The low frequency Raman peaks for the tungstate solutions are given in Table 2 .
DISCUSSION
(a) Light and X-ray scattering results
The apparent molecular weight measurements we obtained in this study are in good agreement with those determined by the sedimentation equilibrium method.2 Unfortunately, there is a significant concentration dependence and the resolution is not high enough to distinguish between the hepta-and octa-molybdate species in order to resolve the question whether or not octamolybdate is the dominant species at pH's below 4.5. However, our light scattering measurements as a function of pH definitely show the rapid transition from the normal molybdate to hepta-(or octa-) molybdate, followed by the (Mo,,O,,,)*-anion at a pH of 1.3, reaching complete conversion at pH 1.10. These PI-I'S are low compared to Tytko and Glemser,2J5 but these authors did not give the concentration of their solutions. As a result, the comparisons in pH are only approximate. We have also observed a phenomenon that has not been observed before: a decrease in aggregation as pH is lowered from 1.1, reaching to a minimum molecular weight of 800 at a pH of 0.86, and then rapidly increasing to MW = 2200 at a pH of 0.8. This result indicates that below the isoelectric point of molybdic acid (pH 0.9), there is a different polymeric species (possibly positively charged) existing in very acidic solution. This finding is in good agreement with the Raman spectra which show a significant change at a pH of 0.95. At the moment, we do not know the exact formula of this new species.
Our time-dependent studies of the changes in the molecular weight of the isopolymolybdates and isopolytungstates dramatically show the difference in the kinetics of aggregation between the two systems. For the isopolymolybdates, the aggregation is very fast. Upon acidification to pH of 1 .O, the molecular weight increased and reached a steady value of MW = 5200 in a few minutes. This indicates an almost complete conversion to (Mow01,J8-anion, in agreement with the previous findings of Tytko et al." In the isopolytungstates, the formation of paratungstate-A (MW = 1490) is fast. At room temperature, aggregation to paratungstate-B (MW = 2952) also proceeds relatively fast. As seen in Fig. 2 , at 8O"C, further aggregation of the present paratungstate-B to Y-metatungstate is going on simultaneously with the aggregation of paratungstate A to B. At the end of the 12 hr period, the average molecular weight of the isopoly species is about 4500, showing that the polymeric species are mostly Y -metatungstate. After standing for another week, this solution contained large suspended crystallites of 2000-3000 A sire, indicating that sodium-Ymetatungstate was precipitating out of solution even though there was no visible precipitate at the bottom.
Since our Rh and Rg values are the only data of their kind, it is not possible to make any comparisons with past work.
(6) Raman results
(1) Isopolymot'ybdutes. Our measurements were made with very dilute solutions compared to previous investigators. 'xr6 As a result, it is possible that some band frequencies are shifted slightly due to the concentration effect. The Raman spectrum of isopolymolybdates contains the following bands: around 9OOcm-', Mo=O stretching; 840-750 cm -I, Ma-G-MO asymmetric stretching, 6004OOcm-I, M&MO symmetric stretching, MO-O bending at 350 cm-', and Ma-G-MO deformations at 200 cm-'. The pH 9 spectrum has three strong bands at 896, 854 and 318~x11~'. These frequencies are in very good agreement with the reported literature values .7**5*1a According to Tytko and Glesmer,' the 8rst stable polymeric species that is formed in appreciable quantities is the hepta (Mo,O& molybdate. According to our measurements, this species is first detectable at a pH of 7.5 for 0.2 M solutions. We also see no gradual shift in the frequencies of any of the Mo==G and Me-O-MO bands; rather, the changes in Raman at 973 cm-' and the ones at 450 and 6OOcm-'.
200
Qualitative agreement is also found with the B Raman spectrum of tetrabutylammonium isooctamolybdate given by Fuchs and Brudgam, " 8 = strong; who had listed strong peaks at 957, 917, 857, 53 1, 481, 367, 307 and 217 cm-'. These values, however, were obtained in an organic solvent and some spectrum are discrete. As soon as the pH is lowered of the bands may not be due to the octamolybdate to 7.0, we observe the presence of new bands at anion. Our peak frequencies of 973, 958, 913, 844, 939, 450, 208 and 180 cm-', along with the bands of (MOO,)'-given above. These new bands are 363 and 2OOcm-' for the pH 2.2 solution are in quantitative agreement with the results of Griffith due to the formation of the heptamolybdate anion and Lesniakr6 for crystalline ammonium octaas has been correctly assigned before.' We have, molybdate and solution spectra for pH 1.8. Thus, however, for the Iirst time demonstrated that the contrary to the arguments of Tytko," it is not equilibrium between the simple and the heptapossible to rule out the presence of significant molybdate anions result in significant amounts of amounts of octamolybdate anion on the basis of both over a wide pH range if we assume that the Raman and light scattering measurements alone. Raman cross sections are the same. Quantitative
The Raman spectrum of pH 0.95 solution is deconvolution of the Raman spectra show that significantly different than that of pH 2.2 solution. even at pH 6.6, almost half of all molybdate is in If we take the shift toward higher wavenumbers to hepta form. This transformation is complete at a be an indication of more aggregation, then the pH of 4.5 for 0.2 M solutions but for more dilute 982 cm-', Mo=O stretching band definitely shows solutions the transformation is complete at lower the presence of aggregates much larger than the pH values. All the Raman band frequencies for hepta and octamolybdate species. Qualitatively, molybdates are in good agreement (within a few our pH 0.95 spectrum is in good agreement with cm-') with the previous measurements. the spectrum given by Tytko" for the (M0~~0,r2)*-Perhaps the most significant controversy regardanion. No quantitative comparisons are possible ing isopolymolybdate solutions has been about the because of a lack of quantitative intensity and existence of the octamolybdate anion. Until 1976, frequency information in Tytko's paper. it was assumed that lowering of the pH (or inSince there are no other existing quantitative creasing the degree of protonation below pH 4.5) solution spectra below the isoelectric point, it is not resulted in the transformation of the heptapossible to have a comparison of our pH 0.3 molvbdate anion into the octamolvbdate anion.
spectrum. This spectrum is very different than those above the isoelectric point. If we again use the shift in the Mo=O stretching frequency as an indication of the degree of aggregation, we arrive at the conclusion that the species in solution has a degree of aggregation less than the 36 anion (in agreement with the light scattering measurements). At present, we do not have enough information to propose a formula for the isopoly species present in this strongly acidic solution.
(2) Isopolytungstates. The only other comprehensive Raman spectroscopy investigation of isopolytungstates is by GrifEth.16 For pH 9 solution, our peak frequencies fo 930,834 and 330 cm-' are in exact agreement with their values. At a pH of 7.4, they observe a new band at 908 cm -' which is not present in our spectrum; however, we observed many more Raman bands due to the polymeric species in the low wavenumber region (as shown in Table 2 ). For pH 4.9 solution, our peak frequencies of 957, 927, 900, 625,450, 360, 310 and 200 cm-' can be compared to GriffithV 980, 966, 941, 902, 650, 460, 420, 348, . The bands at 980, 941 and 420 cm -I that they observed are probably due to the polytungstate A or Y species which are present in large amounts only for a short period after the acidification of the solution. We also observe these bands when our solutions are fresh. A further possibility may be due to the tenfold difference in concentration (1.0 M versus our 0.1 M solutions). Our spectra for the highly acidic solutions contain additional peaks at 838 and 875cm-' that they did not observe.
